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(57) ABSTRACT

A radiation therapy system includes an X-ray 1maging
system that 1s configured with a combined and simplified
filter and collimator positioning mechanism. In addition, an
X-ray 1mager of the RT system 1s only positioned at a few
discrete locations within a plane that 1s a fixed distance from
the imaging X-ray source when generating X-ray images. As
a result, for each of these discrete imaging positions, the
simplified filter and collimator positioning mechanism posi-
tions a specific collimator-filter combination 1 a specific
location between the X-ray source and the imager.
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X-RAY IMAGING SYSTEM WITH A
COMBINED FILTER AND COLLIMATOR
POSITIONING MECHANISM

CROSS-REFERENCE TO RELATED
APPLICATION

The present application claims the benefit of U.S. Provi-
sional Application No. 62/566,301, filed Sep. 29, 2017/7. The

alorementioned U.S. Provisional Application, including any
appendices or attachments thereof, 1s hereby incorporated by
reference 1n its entirety.

BACKGROUND

Unless otherwise 1indicated herein, the approaches
described 1n this section are not prior art to the claims in this
application and are not admitted to be prior art by 1nclusion
in this section.

Radiation therapy, which 1s the use of 1onizing radiation,
1s a localized treatment for a specific target tissue, such as a
cancerous tumor. Ideally, radiation therapy 1s performed on
target tissue (also referred to as the planning target volume)
that spares the surrounding normal tissue from receiving
doses above specified tolerances, thereby minimizing risk of
damage to healthy tissue. Prior to the delivery of radiation
therapy, an imaging system 1s typically employed to provide
a three dimensional 1image of the target tissue and surround-
ing area. From such imaging, the size and mass of the target
tissue can be estimated and an appropnate treatment plan
generated and target volume determined.

So that the prescribed dose 1s correctly supplied to the
planning target volume during radiation therapy, the patient
should be correctly positioned relative to the linear accel-
erator that provides the radiation therapy. Typically, patient
geometric data 1s checked before and during the treatment,
to ensure correct patient placement. This process 1s referred
to as 1image guided radiation therapy (IGRT), and involves
the use of an 1maging system to view target tissues while
radiation treatment 1s delivered to the planning target vol-
ume. IGRT incorporates imaging coordinates from the treat-
ment plan to ensure the patient 1s properly aligned for
treatment 1n the radiation therapy device.

One challenge of radiation therapy i1s generating sufli-
ciently clear images of the planning target volume using the
lowest possible 1maging dose. To that end, RT systems
commonly include shaped filters, referred to as “bow-tie”
filters, which are in the path of an imaging beam and

maintain a more uniform distribution of X-ray photons
across the field of view. Furthermore, to limit the size and
shape of an 1imaging beam, and to limit X-ray scatter that can
degrade 1mage quality, a collimator 1s also typically posi-
tioned 1n the path of the imaging beam. However, correctly
positioning a bow-tie filter and a collimator in an RT system
can be a complex problem. This 1s because, for a given
position of the imager, both the collimator and bow-tie filter
must be precisely and independently positioned relative to
the 1imager and to each other 1n order to properly shape the
imaging beam. Further, to maximize flexibility 1n image
acquisition positions, RIT systems typically include an
imager for recerving imaging X-rays that can be positioned
with multiple degrees of freedom about a patient. Thus, such
RT systems include a complex imaging collimation system
with multiple (typically four) completely independent col-
limator blades for shaping the imaging beam. Adding further
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mechanical and control complexity, such RT system gener-
ally also includes an independent movement system for
positioning the bow-tie filter.

In light of the above, there 1s a need 1n the art for radiation
therapy systems that address the above-described chal-
lenges.

BRIEF DESCRIPTION OF THE DRAWINGS

Features of the present disclosure will become more fully
apparent from the following description and appended
claims, taken 1n conjunction with the accompanying draw-
ings. These drawings depict only several embodiments 1n
accordance with the disclosure and are, therefore, not to be
considered limiting of its scope. The disclosure will be
described with additional specificity and detail through use
of the accompanying drawings.

FIG. 1 illustrates a clinical environment in which an
embodiment of the present disclosure can be integrated.

FIG. 2 schematically illustrates a front view of an RT
treatment system, according to various embodiments of the
present disclosure.

FIGS. 3A, 3B, and 3C schematically illustrate an X-ray

imager when positioned for generating images 1n a center
imaging position and in a lateral offset position, according to
various embodiments of the present disclosure.

FIG. 4 schematically illustrates components of RT treat-
ment system configured to generate planar images and/or
live-images of a patient, according to an embodiment of the
present disclosure.

FIG. 5§ schematically illustrates components of an RT
treatment system configured to enable CBCT imaging of a
head or other localized portion of a patient, according to an
embodiment of the present disclosure.

FIG. 6 schematically illustrates components of an RT
treatment system configured to enable half-fan CBCT 1mag-
ing of a thorax or other large region of a patient, according
to an embodiment of the present disclosure.

FIG. 7 1s a schematic view from an X-ray imager in an RT
treatment system of a positioming mechanism, a first com-
bined filter-collimator assembly, a second combined filter-
collimator assembly, and a filter-free collimator, according
to an embodiment of the present disclosure.

FIG. 8 1s a schematic view from an X-ray imager in an RT
treatment system of a positioming mechanism, a first com-
bined filter-collimator assembly, a second combined filter-
collimator assembly, and a filter-free collimator, according
to an embodiment of the present disclosure.

FIG. 9 sets forth a flowchart summarizing an example
method for generating an X-ray image, according to one or
more embodiments of the present disclosure.

DETAILED DESCRIPTION

In the following detailed description, reference 1s made to
the accompanying drawings, which form a part hereof. In
the drawings, similar symbols typically identify similar
components, unless context dictates otherwise. The 1llustra-
tive embodiments described in the detailled description,
drawings, and claims are not meant to be limiting. Other
embodiments may be utilized, and other changes may be
made, without departing from the spirit or scope of the
subject matter presented here. It will be readily understood
that the aspects of the disclosure, as generally described
heremn, and 1illustrated 1n the figures, can be arranged,
substituted, combined, and designed in a wide variety of
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different configurations, all of which are explicitly contem-
plated and make part of this disclosure.

As noted above, when radiation treatment (RT) treatment
1s applied accurately to targeted tissue 1n a patient, there 1s
mimmal impact on healthy tissue surrounding the targeted
tissue. However, the positioming of the collimator and filter
for the imaging system included in RT systems 1s necessarily
complex, including a movement system for multiple 1nde-
pendently positioned collimator blades (to adjust the 1mag-
ing field) and another movement system for an indepen-
dently positioned bow-tie filter (to provide a field of view
that receives a uniform distribution of X-ray photons).
According to various embodiments, an RT system includes
an X-ray imaging system that 1s configured with a combined
and simplified filter and collimator positioning mechanism.
In addition, in some embodiments, an X-ray imager of the
RT system 1s only positioned at a few discrete locations
within a plane that 1s a fixed distance from the i1maging
X-ray source when generating X-ray images. As a result, for
cach of these discrete 1maging positions, the positioning
mechanism positions a specific collimator-filter combination
in a speciiic location between the X-ray source and the
imager. That 1s, for each of the discrete locations at which
the 1mager 1s positioned for generating 1mages, the position-
ing mechanism implements a single corresponding collima-
tor-filter configuration. Thus, the complex systems usually
employed for precisely changing the position the collimator
and the filter 1n real time are not needed.

FIG. 1 1llustrates a clinical environment 100 1n which an
embodiment of the present disclosure can be integrated.
Clinical environment 100 includes a radiotherapy (RT)
treatment room 120 with an RT treatment system 110
disposed therein and a control room 130, separated by a
shielded wall 101. RT treatment system 110 includes a linear
accelerator (LINAC) 121 that generates a megavolt (MV)
treatment beam 122 of high energy X-rays (or in some
embodiments electrons), a patient table or couch 123, a
kilovolt (kV) X-ray source 124, an X-ray imager 150, and,
in some embodiments, an MV electronic portal 1imaging
device (EPID) 125. Control room 130 includes an image
acquisition and treatment control computer 131 communi-
catively coupled to X-ray imager 150 via an acquisition
cable 102, and an associated control console 132.

Also shown 1n FIG. 1 1s a patient 160, positioned on couch
123 for RT treatment. Patient 160 includes a target region
161. Target region 161 may be, for example, a tumor to
receive RT treatment, and can be located 1n different regions
of the body of patient 160, such as the head, thorax, or leg.
Different regions of the human body each have a di:ferent
cross-sectional profile. For example, the head i1s generally
round 1n cross-section whereas the torso 1s typically thicker
laterally than vertically. Consequently, to create a more
uniform 1maging beam intensity across the surface of X-ray
imager 150, a different compensating filter 1s typically
employed during imaging, depending on the region of the
body being imaged. The correct compensating filter can
appropriately reduce the imaging beam intensity at the
periphery of the beam. Thus, the 1imaging system included in
RT treatment system 110 typically includes two or more
compensating filters (not shown in FIG. 1), which are
described 1n greater detail below in conjunction with FIGS.
5 and 6.

LINAC 121 customizes a treatment beam 122 to conform
to the shape of a tumor 1n target region 161 of patient 160.
Thus, LINAC 121 destroys cancer cells while sparing sur-
rounding normal tissue when the location of target region
161 1s precisely known. KV X-ray source 124 1s an X-ray
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source for generating an imaging beam 126, which 1s
directed toward X-ray imager 150 for imaging target region
161 and surrounding areas during RT ftreatment. For
example, 1n some embodiments, clinical environment 100 1s
employed for image-guided radiation therapy (IGRT), which
uses 1mage guidance procedures for target localization
before and during treatment. In such embodiments, the
images used to precisely monitor the current location of
target reglon 161 are generated with kV X-ray source 124
and X-ray 1mager 150. Alternatively or additionally, 1n some
embodiments, 1images generated with kV X-ray source 124
and X-ray imager 150 can be employed 1n intensity-modu-
lated radiation therapy (IMRT) applications. In either IGRT
or IMRT applications, elements of RT treatment system 110
rotate about couch 123 during RT treatment. For example, in
some embodiments, LINAC 121, EPID 125, kV X-ray
source 124, and X-ray imager 150 rotate about couch 123 as
indicated. One embodiment of RT treatment system 110 1s
described below 1n conjunction with FIG. 2.

FIG. 2 schematically 1llustrates a front view of RT treat-
ment system 110, according to various embodiments of the
present disclosure. In FIG. 2, elements of RT treatment
system 110 (LINAC 121, EPID 125, a treatment beam
collimator 210, kV X-ray source 124, and X-ray imager 150)
are shown partially rotated about couch 123 at a specific
point 1n time during operation. In the embodiment 1llustrated
in FIG. 2, kV X-ray source 124 and X-ray imager 150 are
shown at a 45° rotation position while LINAC 121 and EPID
125 are shown 1n FIG. 2 at the corresponding 135° rotation
position.

LINAC 121 (which generates treatment beam 122), EPID
125, a treatment beam collimator 210, kV X-ray source 124,
and X-ray imager 150 rotate about a center point of rotation
201, which 1s disposed along an X-ray path 202 from kV
X-ray source 124 to a point on an X-ray detection surface
(not shown) of X-ray imager 150. For example, 1n some
embodiments, X-ray path 202 1s a shortest path from kV
X-ray source 124 to a point on an X-ray detection surface
(not shown) of X-ray imager 150. Generally, X-ray path 202
has a length L and 1s the path from kV X-ray source 124 to
a center point of X-ray imager 150 when X-ray imager 150
1s located at a center imaging position, thereby defining a
vertical direction 203 between kV X-ray source 124 and
X-ray imager 150. In a center imaging position, which 1s
shown 1n FIG. 2, X-ray imager 150 1s substantially centered
on X-ray path 202. By contrast, in a lateral oflset position
(indicated by dashed lines), an edge 151 and/or an edge
portion 152 of X-ray imager 150 1s a distance along X-ray
path 202 from kV X-ray source 124 that 1s equal to length
L. In either the center imaging position or the lateral offset
position, at least a portion of X-ray imager 150 1s a fixed
rotational distance R along X-ray path 202 from center point
of rotation 201. In some embodiments, RT treatment system
110 1s configured to generate X-ray images with X-ray
imager 150 1n at least the center 1imaging position and the
lateral oflset position, as appropriate for a particular imaging
application. Examples of the positioning of X-ray imager

150 for various imaging applications are 1llustrated in FIGS.
3A, 3B, and 3C.

FIGS. 3A, 3B, and 3C schematically illustrate X-ray
imager 150 when positioned for generating images in a
center 1maging position and 1 a lateral offset position,
according to various embodiments of the present disclosure.
Specifically, FIG. 3A 1llustrates a view of X-ray imager 150
from kV X-ray source 124 when X-ray imager 150 and
couch 123 are positioned for generating X-ray images of the
thorax 301 of patient 160. FIG. 3B illustrates a view of
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X-ray 1mager 150 from kV X-ray source 124 when X-ray
imager 150 and couch 123 are positioned for generating
X-ray 1mages ol the head 302 of patient 160. FIG. 3C
illustrates a view of X-ray imager 150 from kV X-ray source
124 when X-ray imager 150 and couch 123 are positioned
for generating X-ray images of thorax 301 of patient 160 1n
half-fan cone-beam computed tomography (CBCT) mode.
In many applications, X-ray imager 150 and kV X-ray
source 124 (not shown in FIGS. 3A, 3B, and 3C) rotate
about couch 123. Therefore, in such applications, X-ray
imager 150 and kV X-ray source 124 are not fixed 1n
position relative to couch 123. Thus, for reference, couch
123 and X-ray imager 150 are shown 1n FIGS. 3A, 3B, and
3C at a point in time when kV X-ray source 124 has rotated
to a position directly above couch 123 and X-ray imager 150
1s rotated to a position below couch 123. That 1s, kV X-ray
source 124 and X-ray imager 150 are shown 1n FIGS. 3A,
3B, and 3C at a 0° rotation position.

In FIG. 3A, X-ray imager 150 1s positioned 1n a center
imaging position to enable X-ray imaging of thorax 301 of
patient 160. Therefore, when kV X-ray source 124 1s rotated
to a position directly above couch 123, X-ray imager 150 1s
positioned directly below couch 123 and 1s centered in
lateral direction 311 on a longitudinal axis 303 of couch 123.
That 1s, a center point 153 of an X-ray detection surface of
X-ray mmager 150 1s disposed on or proximate X-ray path
202. It 1s noted that in some embodiments, X-ray imager 150
and couch 123 are positioned in the center imaging position
as shown for generating either planar images, live-imaging,
or full-fan CBCT mmages of thorax 301 of patient 160.

In FIG. 3B, X-ray imager 150 i1s positioned 1n a center
imaging position to enable X-ray imaging of head 302 of
patient 160. Therefore, when kV X-ray source 124 1s rotated
to a position directly above couch 123, X-ray imager 150 1s
positioned directly below couch 123 and 1s centered in
lateral direction 311 on longitudinal axis 303 of couch 123.
To direct imaging beam 126 (not shown i FIG. 3B) to head
302, couch 123 1s translated 1n a longitudinal direction 312
relative to X-ray imager 150. It 1s noted that in some
embodiments, X-ray imager 150 and couch 123 are posi-
tioned 1n the center imaging position shown i FIG. 3B for
generating either planar images or full-fan CBCT images of
head 302 of patient 160. In embodiments 1n which full-fan
CBCT mmage of head 302 are generated, a specific shaping
filter (not shown) 1s typically employed to generate a more
uniform intensity of imaging beam 126 across X-ray imager
150, as described 1n greater detail below. By contrast, in
embodiments 1 which planar (2D) images and/or live
images are generated, a shaping filter 1s generally not
employed.

In FIG. 3C, X-ray imager 150 1s positioned in a lateral
oflset position to enable halt-fan CBCT X-ray imaging of
thorax 301 of patient 160. In halt-fan CBC'T X-ray imaging,
only half of thorax 302 1s irradiated with 1maging beam 126
(not shown 1n FIG. 3C) for each projection generated as part
of the volumetric data set for the CBCT 1maging process.
Therefore, when kV X-ray source 124 1s rotated to a position
directly above couch 123, X-ray imager 150 1s positioned to
be displaced from the center imaging position in lateral
direction 311, which 1s a direction perpendicular to X-ray
path 202 (shown in FIG. 2). In some embodiments, when
X-ray 1mager 150 1s in the lateral oflset position, X-ray
imager 150 1s positioned so that edge 151 of X-ray imager
150 1s substantially aligned with longitudinal axis 303.
Alternatively, 1n some embodiments, when X-ray imager
150 1s 1n the lateral oflset position, X-ray imager 150 1s
positioned so that edge portion 152 of X-ray imager 150 1s
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substantially aligned with longitudinal axis 303. It 1s noted
that in some embodiments, X-ray imager 150 and couch 123
are positioned 1n the lateral ofset imaging position shown 1n
FIG. 3C for generating halt-fan CBCT 1mages of thorax 301
of patient 160. In such embodiments, a specific compensat-
ing filter (not shown) 1s typically employed to generate a
more uniform intensity of imaging beam 126 across X-ray
imager 150, as described 1n greater detail below. The com-
pensating filter employed in the lateral oflset position 1s
generally a different filter than the compensating filter
employed 1n the center imaging position.

Returning to FIG. 2, RT treatment system 110 also
includes a positioning mechanism 220, a first combined
filter-collimator assembly 230, a second combined filter-
collimator assembly 240, and a filter-free collimator 250.
According to various embodiments of the present disclosure,
positioning mechanism 220 1s disposed between kV X-ray
source 124 and X-ray mmager 150, and 1s configured to
selectively position one of first combined filter-collimator
assembly 230, second combined filter-collimator assembly
240, or filter-1ree collimator 250 along X-ray path 202. Thus,
when X-ray imager 150 is 1n the center imaging position for
generating planar X-ray images of patient 160, positioning
mechanism 220 can be employed to position {filter-free
collimator 250 along X-ray path 202; when X-ray imager
150 1s 1n the center imaging position for generating full-fan
CBCT mmages of patient 160, positioning mechanism 220
can be employed to position first combined filter-collimator
assembly 230 along X-ray path 202; and when X-ray imager
150 1s 1n the lateral oflset imaging position for generating
half-fan CBCT 1mages of patient 160, positioning mecha-
nism 220 can be employed to position second combined
filter-collimator assembly 240 along X-ray path 202.

Positioning mechanism 220 can include any suitable
mechanism operable to selectively position one of first
combined filter-collimator assembly 230, second combined
filter-collimator assembly 240, or filter-iree collimator 250
along X-ray path 202. For example, 1n some embodiments,
positioning mechanism 220 includes a slider mechanism that
1s motorized and has a simple 2-channel position detection
system, such as a stepper motor. Various embodiments of
positioning mechanism 220 are described 1n greater detail
below 1n conjunction with FIGS. 7 and 8.

Generally, RT treatment system 110 includes multiple
combined filter-collimator assemblies. Each such combined
filter-collimator assembly includes a different compensating
filter, and each compensating filter 1s configured to generate
uniform 1maging beam intensity 126 across X-ray imager
150 for a different 1maging position and/or application of
X-ray mmager 150. Thus, in the embodiment illustrated in
FIG. 2, RT treatment system 110 includes two combined
filter-collimator assemblies—one for each 1maging position
of X-ray imager 150. In other embodiments, RT treatment
system 110 includes more than two or only a single com-
bined filter-collimator assembly. In such embodiments, each
combined filter-collimator assembly 1s configured to suit-
ably modily imaging beam 126 for a different imaging
position of X-ray imager 150 relative to X-ray path 202, and
typically includes a compensating filter that 1s unique from
other compensating filters included in the other combined
filter-collimator assemblies of RT treatment system 110.

X-ray 1imager 150 generates images from a small number
of discrete locations, two possible examples of which are
illustrated 1 FIG. 2. According to various embodiments of
the present disclosure, these discrete imaging locations for
X-ray 1mager 150 vary in a single direction relative to kV
X-ray source 124. Specifically, the discrete imaging loca-
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tions for X-ray imager 150 are disposed 1n a plane that 1s
perpendicular to X-ray path 202. For example, in the
embodiment 1llustrated 1n FIG. 2, X-ray imager 150 1s fixed
relative to kV X-ray source 124 longitudinally, 1.e., in
longitudinal direction 312 shown i FIG. 3, which 1s the
direction directly out of the page i FIG. 2. Thus, at each
imaging position, X-ray imager 1350 1s disposed 1n a plane
that includes kV X-ray source 124 and each of the other
imaging positions of X-ray imager 150. In addition, 1n the
embodiment 1llustrated 1n FIG. 2, X-ray imager 130 1s fixed
relative to kV X-ray source 124 1n vertical direction 203, 1.¢.,
in the direction parallel to X-ray path 202. Thus, at each
imaging position, a portion of X-ray imager 150 1s disposed
along X-ray path at a distance L from kV X-ray source 124.

In sum, RT treatment system 110 includes a simplified
imaging system that can be used for the most common
treatments and 1maging positions, but not for all possible
treatments. For treatment cases that rely on the imaging
positions for which RT treatment system 110 1s configured,
RT treatment system 110 can employ state-oi-the-art tech-
nology, including IMRT, IGRT, and the like, but without the
drawbacks inherent in more complex systems. Specifically,
in place of reduced flexibility, RT system 110 includes
vertically and laterally fixed imager positions (described
above), and a simplified kV collimation system. For
example, the most common uses of the collimation/filter
system for RT imaging systems employ the collimator in the
center 1maging position and the lateral ofiset (hali-fan
CBCT) imaging position. Thus, having X-ray imager 150
fixed 1n vertical direction 203 and longitudinal direction 312
does not aflect imaging, but greatly simplifies the kV
collimation/filter system. Having no adjustability in the
longitudinal field size allows for fixed collimation in that
direction. For each imaging position 1n the lateral direction,
a suitable fixed compensating filter can be implemented with
positioning mechanism 220 as appropriate, such as a bow-tie
filter. Examples of various imaging positions and the posi-
tioming ol suitable compensating filters and lateral collima-
tion via positioning mechanism 220 are described below 1n
conjunction with FIGS. 4-6.

FIG. 4 schematically 1llustrates components of RT treat-
ment system 110 configured to generate planar 1mages
and/or live-images of patient 160, according to an embodi-
ment of the present disclosure. Specifically, X-ray imager
150 and couch 123 are in the center imaging position
illustrated i FIG. 3A, and positioning mechanism 220 has

selectively positioned filter-free collimator 250 along X-ray
path 202. Thus, kV X-ray source 124 1s rotated to a position
directly above couch 123, and X-ray imager 150 is posi-
tioned directly below couch 123 and 1s centered in lateral
direction 311 on X-ray path 202 and on longitudinal axis 303
of couch 123. Since X-ray imager 150 1s used to generate
planar 1mages and/or live-images of patient 160 1n the
embodiment illustrated in FIG. 4, kV X-ray source 124 and
X-ray imager 150 are generally static relative to patient 160
at any selected rotation angle around the rotation center 201.

Filter-free collimator 250 1s configured to limait the extent
of X-ray exposure 1n lateral direction 311 of patient 160 and
of X-ray imager 150. For example, 1n some embodiments,
filter-free collimator 250 includes two blades 401 with an
opening 402 therebetween that 1s sized to enable 1imaging
beam 126 to reach most or all of the detector surface of
X-ray 1mager 150 as shown. In some embodiments, blades
401 each include a plate of lead, tungsten, or any other
suitable material for absorbing incident X-rays. Generally,
opening 402 1s fixed.
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In some embodiments, RT treatment system 110 further
includes a longitudinal collimator 410 that limits the extent
of X-ray exposure in longitudinal direction 312, which 1n
FIG. 4 1s directly out of the page. In such embodiments,
longitudinal collimator 410 can 1nclude two blades 411 with
an opening (not visible i FIG. 4) therebetween that 1s si1zed
to enable 1maging beam 126 to reach most or all of the
detector surface of X-ray imager 150 1n longitudinal direc-
tion 312 (which 1s out of page in FIG. 4). Thus, together
longitudinal collimator 410 and filter-iree collimator 250
define the rectangular region of X-ray imager 150 and
patient 160 that 1s exposed to imaging beam 126. Blades 411
can each include a plate formed from similar maternials as
described above for blades 401.

FIG. 5 schematically illustrates components of RT treat-
ment system 110 configured to enable CBCT 1maging of
head 302 or other localized portion of patient 160, according
to an embodiment of the present disclosure. Specifically,
X-ray imager 150 and couch 123 are 1n the center 1imaging
position 1llustrated 1n FIG. 3B, and positioning mechanism
220 has selectively positioned first combined filter-collima-
tor assembly 230 along X-ray path 202. Typically, position-
ing mechanism 220 positions first combined filter-collimator
assembly 230 1n X-ray path 202 between longitudinal col-
limator 410 and X-ray imager 1350.

KV X-ray source 124 and X-ray imager 150 rotate about
center point of rotation 201 and are therefore not fixed 1n
position relative to couch 123. FIG. 5§ depicts RT treatment
system 110 when kV X-ray source 124 1s rotated to a
position directly above couch 123 and X-ray imager 150 1s
positioned directly below couch 123. As shown, at such a
point 1 time, X-ray imager 150 1s centered in lateral
direction 311 on X-ray path 202 and on longitudinal axis 303
of couch 123.

First combined filter-collimator assembly 230 includes a
collimator 510, a compensating filter 520, and, 1n some
embodiments, an intensity filter 530. Collimator 510 1is
configured to limit the extent of X-ray exposure in lateral
direction 311 of patient 160 and to align incident 1imaging
beam 126 with X-ray mmager 150. For example, in some
embodiments, collimator 510 includes two blades 501 with
an opening 502 therebetween that 1s sized to enable imaging
beam 126 to reach most or all of the detector surface of
X-ray imager 150 as shown. Blades 501 can each include a
plate formed from similar materials as described above for
blades 401. Generally, opening 502 1s fixed. Compensating
filter 520 1s configured to create a more uniform intensity of
imaging beam 126 across the surface of X-ray imager 150
when X-ray imager 150 1s 1n the center imaging position.
Compensating filter 520 can be, for example, a bowtie filter,
and 1n some embodiments, can be formed from aluminum.

Intensity filter 330 1s configured to provide additional
X-ray filtering, and 1s typically a uniform plate of X-ray
absorbing material, such as titanium. In some embodiments,
intensity filter 530 1s physically coupled to or mounted on
first combined filter-collimator assembly 230, and therelfore
1s moved together with first combined filter-collimator
assembly 230 by positioning mechanism 220. Alternatively,
intensity filter 530 can be moved into position i X-ray path
202 separately from first combined filter-collimator assem-
bly 230. Similarly, 1n some embodiments, collimator 510 1s
physically coupled to or mounted on compensating filter
520, and therefore 1s moved together with compensating
filter 520 as a single assembly by positioning mechanism
220. Alternatively, collimator 510 can be moved into posi-
tion 1 X-ray path 202 separately from compensating filter
520. Together, longitudinal collimator 410 and collimator
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510 define the rectangular region of X-ray imager 150 and
patient 160 that 1s exposed to 1maging beam 126.

As noted above, during operation X-ray imager 150 1s
fixed 1n vertical direction 203 relative to kV X-ray source
124. As a result, from a fixed location 1n vertical direction
203 relative to kV X-ray source 124 and X-ray imager 150,
collimator 510 correctly limits the extent of 1maging beam
126 1n lateral direction 311. That 1s, real-time variation of the
position of collimator 510 1n vertical direction 203 1s not
necessary. Similarly, from a fixed location 1n vertical direc-
tion 203 relative to kV X-ray source 124 and X-ray imager
150, compensating filter 520 can correctly equalize or bal-
ance the intensity of 1maging beam 126 that reaches X-ray
imager 150, and real-time vanation of the position of
compensating filter 520 i1n vertical direction 203 1s not
necessary. Thus, X-ray imager 150 can generate state-oi-
the-art X-ray 1images and volumetric data sets without the
complex positioning mechanism employed 1n conventional
RT systems. For example, 1n the embodiment 1llustrated 1n
FIG. §, collimator 510 1s positioned a fixed vertical distance
.2 from X-ray imager 150 and a fixed vertical distance L3
from kV X-ray source 124. That 1s, during imaging, vertical
distance L2 (between collimator 510 and X-ray imager 150)
and vertical distance L3 (between collimator 510 and kV
X-ray source 124) each remain constant. Sitmilarly, compen-
sating filter 520 1s positioned a fixed vertical distance 1.4
from X-ray imager 150 and a fixed vertical distance LS from
kV X-ray source 124. Consequently, during imaging, verti-
cal distance L4 (between compensating filter 520 and X-ray
imager 150) and vertical distance LS (between compensat-
ing filter 520 and kV X-ray source 124) each remain
constant.

It 1s noted that for each other imaging position of X-ray
imager 150, positioning mechanism 220 1s configured to
position a different combined filter-collimator assembly in
X-ray path 202. Second combined filter-collimator assembly
240 1s just one such example. Each different combined
filter-collimator assembly includes a different configuration
of compensating filter than compensating filter 520 and a
different collimator than collimator 510. Also, 1in each dit-
ferent combined filter-collimator assembly, the vertical dis-
tances between the compensating filter, collimator, X-ray
imager 150, and kV X-ray source 124 can be diflerent than
vertical distances 1.2, 1.3, L4, and L5.

FIG. 6 schematically illustrates components of RT treat-
ment system 110 configured to enable half-fan CBCT imag-
ing ol thorax 301 or other large region of patient 160,
according to an embodiment of the present disclosure.
Specifically, X-ray imager 150 1s 1n the lateral oflset imaging
position 1illustrated 1n FIG. 3C, and positioning mechanism
220 has selectively positioned second combined filter-col-
limator assembly 240 along X-ray path 202. Typically,
positioning mechanism 220 positions second combined {il-
ter-collimator assembly 240 in X-ray path 202 between
longitudinal collimator 410 and X-ray imager 150.

In FIG. 6, KV X-ray source 124 and X-ray imager 150
rotate about center point of rotation 201 and are therefore not
fixed 1n position relative to couch 123. FIG. 6 depicts RT
treatment system 110 when kV X-ray source 124 is rotated
to a position directly above couch 123 and X-ray imager 150
1s positioned below couch 123. As shown, at such a point 1n
time, X-ray imager 150 1s in the lateral offset imaging
position to enable half-fan CBCT X-ray imaging of thorax
301 of patient 160. Thus, X-ray imager 150 1s positioned so
that edge 151 and/or edge portion 152 of X-ray imager 150
1s substantially aligned with longitudinal axis 303 of couch
123.
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Second combined filter-collimator assembly 240 1includes
a collimator 610, a compensating filter 620, and, 1n some
embodiments, an intensity filter 630. Collimator 610 1is
configured to limit the extent of X-ray exposure 1n lateral
direction 311 of patient 160 and to align incident 1imaging
beam 126 with X-ray imager 150. For example, 1n some
embodiments, collimator 610 includes two blades 601 with
an opening 602 therebetween that 1s sized to enable 1imaging
beam 126 to reach most or all of the detector surface of
X-ray imager 150 as shown. Blades 601 can each include a
plate formed from similar materials as described above for
blades 401. Generally, opening 602 1s fixed. Compensating
filter 620 1s configured to create a more uniform intensity of
imaging beam 126 across the surface of X-ray imager 150
when X-ray imager 150 1s 1n the lateral offset 1maging
position. Compensating filter 620 can be, for example, a
halt-bowtie filter, and 1n some embodiments, can be formed
from aluminum.

Intensity filter 630 1s configured to provide additional
X-ray filtering, and 1s typically a uniform plate of X-ray
absorbing material, such as titanium. In some embodiments,
intensity filter 630 1s physically coupled to or mounted on
second combined filter-collimator assembly 240, and there-
fore 1s moved together with second combined filter-colli-
mator assembly 240 by positioming mechanism 220. Alter-
natively, intensity filter 630 can be moved nto position in
X-ray path 202 separately from second combined filter-
collimator assembly 240. Similarly, in some embodiments,
collimator 610 1s physically coupled to or mounted on
compensating filter 620, and therefore 1s moved together
with compensating filter 620 as a single assembly by posi-
tioning mechanism 220. Alternatively, collimator 610 can be
moved 1nto position 1n X-ray path 202 separately from
compensating {ilter 620 by positioning mechamsm 220.
Together, longitudinal collimator 410 and collimator 610
define the rectangular region of X-ray imager 150 and
patient 160 that 1s exposed to 1imaging beam 126.

As noted above, positioning mechanism 220 can include
any suitable mechamism operable to selectively position one
of first combined filter-collimator assembly 230, second
combined filter-collimator assembly 240, or filter-free col-
limator 250 along X-ray path 202. FIG. 7 schematically
illustrates one such embodiment. FIG. 7 1s a schematic view
from X-ray imager 150 of positioning mechanism 220, first
combined filter-collimator assembly 230, second combined
filter-collimator assembly 240, and filter-free collimator
250, according to an embodiment of the present disclosure.
In the embodiment 1llustrated 1n FIG. 7, filter-free collimator
250 1s disposed along X-ray path 202, which is substantially
centered 1n lateral direction 311 between blades 401 of
filter-free collimator 250 and in longitudinal direction 312
between blades 411 of longitudinal collimator 410. As a
result, an X-ray focal point 701 of kV X-ray source 124 1s
located at or near a center point of the field of view defined
by longitudinal collimator 410 and one of filter-free colli-
mator 250, collimator 510, or collimator 610.

In the embodiment illustrated i FIG. 7, positioning
mechanism 220 1s configured as a lateral direction slider
mechamism that translates first combined filter-collimator
assembly 230, second combined filter-collimator assembly
240, and filter-free collimator 250 back and forth in lateral
direction 311. Thus, positioning mechanism 220 selectively
positions a suitable filter-collimator assembly between
X-ray imager 150 and kV X-ray source 124.

In some embodiments, blades 411 of longitudinal colli-
mator 410 are set a fixed distance W apart and are fixed in
position relative to positioning mechanism 220. Alterna-
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tively, blades 411 can be movable 1n longitudinal direction
312 to adjust the X-ray field size and location 1n longitudinal
direction 312. In such embodiments, blades 411 can be
independently movable, thereby allowing asymmetrical
field-size adjustments 1n longitudinal direction 312. Alter-
natively or additionally, blades 411 can be mechanically
coupled to each other and moved 1n conjunction with each
other in longitudinal direction 312. In some embodiments,

blades 411 are fixed 1n position relative to kV X-ray source
124.

In some embodiments, blades 411 are mounted on posi-
tioming mechanism 220. In such an embodiment, there 1s
generally a different pair of blades 411 for each position of
positioning mechanism 220: one pair associated with first
combined filter-collimator assembly 230, one pair associ-
ated with second combined filter-collimator assembly 240,
and one pair associated with filter-iree collimator 250.
Consequently, in such embodiments, there can be a different
longitudinal field size for each slider position of positioning
mechanism 220.

In some embodiments, positioning mechanism 220 1s
moved 1n lateral direction 311 via a motorized actuator (not
shown). Alternatively or additionally, positioning mecha-
nism can be moved 1n lateral direction 311 manually, or by
any other suitable actuation mechanism.

In some embodiments, positioning mechanism 220 1s
configured to ftranslate first combined filter-collimator
assembly 230, second combined filter-collimator assembly
240, and filter-free collimator 250 in longitudinal direction
312 instead of 1n lateral direction 311. FIG. 8 schematically
illustrates one such embodiment. FIG. 8 1s a schematic view
from X-ray imager 150 of positioning mechanism 220, first
combined filter-collimator assembly 230, second combined
filter-collimator assembly 240, and filter-free collimator
250, according to an embodiment of the present disclosure.
In the embodiment illustrated in FIG. 8, positioning mecha-
nism 220 translates first combined filter-collimator assembly
230, second combined filter-collimator assembly 240, and
filter-free collimator 250 in longitudinal direction 312. Fil-
ter-free collimator 250 1s shown disposed along X-ray path
202 (not shown). As a result, X-ray focal point 701 of kV
X-ray source 124 1s located at or near a center point of the
field of view defined by filter-free collimator 250 and blades
811 of a longitudinal collimator 810 associated therewith.

It 1s noted that when positioning mechanism 220 1s
configured to translate longitudinally, a different longitudi-
nal collimator 1s associated with each of filter-free collima-
tor 250, first combined filter-collimator assembly 230, sec-
ond combined filter-collimator assembly 240. For example,
in the embodiment illustrated in FIG. 8, longitudinal colli-
mator plates 831 form the top and bottom edges of an
opening 832 and perform the function of blades 411 1n FIG.
4 for first combined filter-collimator assembly 230. Thus,
longitudinal collimator plates 831 define the longitudinal
dimension 833 of first combined filter-collimator assembly
230. Similarly, longitudinal collimator plates 841 form the
top and bottom edges of an opening 842 and perform the
function of blades 411 in FIG. 4 for second combined
filter-collimator assembly 240. Thus, longitudinal collimator
plates 841 define the longitudinal dimension 843 of second
combined filter-collimator assembly 240.

It 1s further noted that positioning mechanism 220 1s
generally larger in embodiments 1n which translation of
combined {ilter-collimator assemblies 1s 1n longitudinal
direction 312. However, advantageously, in such embodi-
ments, positioning accuracy of the longitudinal sliding
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motion has less impact on performance of the imaging
system when moving the slider longitudinally.

In other embodiments, positioning mechanism 220 can be
configured to selectively rotate one of first combined filter-
collimator assembly 230, second combined filter-collimator
assembly 240, or filter-free collimator 250 into X-ray path
202. For example, in one such embodiment, each of first
combined filter-collimator assembly 230, second combined
filter-collimator assembly 240, and filter-free collimator 250
are disposed 1n a planar array that 1s rotated by positioning
mechanism 220 in a plane parallel to X-ray imager 150.

FIG. 9 sets forth a flowchart summarizing an example
method for generating an X-ray image, according to one or
more embodiments of the present disclosure. The method
may 1nclude one or more operations, functions, or actions as
illustrated by one or more of blocks 901-904. Although the
blocks are illustrated in a sequential order, these blocks may
be performed 1n parallel, and/or in a different order than
those described herein. Also, the various blocks may be
combined into fewer blocks, divided into additional blocks,
and/or eliminated based upon the desired implementation.
Although the method 1s described 1n conjunction with RT
treatment system 110 of FIGS. 1-8, persons skilled 1n the art
will understand that any suitably configured system 1s within
the scope of the present disclosure.

In the embodiment described 1n conjunction with FIG. 9,
the control algorithms for the method steps reside 1n and/or
are performed by image acquisition and treatment control
computer 131. In other embodiments, such control algo-
rithms may reside i and/or be performed by any other
suitable control circuit or computing device.

A method 900 begins at step 901, in which a first
collimator (for example, collimator 310) 1s positioned 1n
X-ray path 202 at distance L2 from kV X-ray source 124,
and a first compensating filter (for example, compensating
filter 520) 1s positioned 1n X-ray path 202 at distance L4
from kV X-ray source 124. The first collimator 1s configured
with a first opening (for example, opening 502), so that when
the first collimator 1s positioned at distance L2 from X-ray
imager 150, the first opening defines a width of a first
imaging field, such as the width of a patient head 302 on
couch 123 or half the width of a patient thorax 301. In
addition, the first collimator 1s positioned a fixed distance
[.2-L.4 from 1n X-ray path 202 from the first compensating
filter. When positioned at the fixed distance L.2-L.4 in X-ray
path 202 from the first collimator, the first compensating
filter 1s located so that a photon flux of X-rays from kV
X-ray source 124 on X-ray imager 150 1s more balanced
than when the first compensating filter 1s not positioned in
the first imaging field at the distance 1.2-1.4 from the first
collimator.

In some embodiments, the first collimator and the first
compensating filter are positioned in step 901 via a single
mechanical operation. The single mechanical operation gen-
erally includes one of a lateral sliding motion, a longitudinal
sliding motion, and a planar rotational motion of the first
collimator and the first compensating filter. In such embodi-
ments, a positioning mechanism can perform the single
mechanical operation. In some embodiments, the lateral
sliding motion, the longitudinal sliding motion, or the planar
rotational motion also includes the motion of a second
collimator out of X-ray path 202. Is such embodiments, the
lateral sliding motion, the longitudinal sliding motion, or the
planar rotational motion may further include motion of a
corresponding second compensation filter out of X-ray path
202. Furthermore, 1n such embodiments, the lateral sliding
motion, the longitudinal sliding motion, or the planar rota-
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tional motion of the second collimator and/or the corre-
sponding second compensation filter may be performed
simultaneously with the lateral sliding motion, longitudinal
sliding motion, or planar rotational motion of the first
collimator and the first compensating {filter.

In step 902, while 1) X-ray imager 150 1s positioned at a
the fixed imaging distance along X-ray path 202 from kV
X-ray source 124 of step 901, 1) the first collimator 1s
positioned 1n X-ray path 202 at the first fixed distance along,
X-ray path 202 from kV X-ray source 124, and 111) the first
compensating {ilter 1s positioned 1 X-ray path 202 at the
second fixed distance along X-ray path 202 from the first
collimator, the X-ray source and the X-ray imager are
rotated about center point of rotation 201 to a certain
rotational location with respect to a patient on couch 123.

In step 903, while kV X-ray source 124 and X-ray imager
150 are rotated about center point of rotation 201, X-rays
generated by kV X-ray source 124 are received with X-ray
imager 150, which can then generate an X-ray image.

In step 904, image acquisition and treatment control
computer 131 determines whether additional X-ray images
are to be generated by X-ray imager 150. If yes, method 900
proceeds back to step 902, components of RT treatment
system 110 continue to rotate about patient 160, and addi-
tional X-ray images are generated; 11 no, method 900 ter-
minates.

While various aspects and embodiments have been dis-
closed herein, other aspects and embodiments will be appar-
ent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of 1llustra-
tion and are not intended to be limiting, with the true scope
and spirit being indicated by the following claims.

I claim:

1. An imaging system configured to rotate about a center
point of rotation, the 1imaging system comprising;

an X-ray source configured to direct X-rays along an
X-ray path that passes through the center point of
rotation to an X-ray imager;

the X-ray imager, which 1s positioned at a fixed imaging
distance along the X-ray path from the X-ray source
and 1s configured to generate an X-ray image from the
X-rays;

a first combined filter-collimator assembly that includes a
first collimator configured with a first opening and a
first compensating filter, wherein the first collimator
and the first compensating filter are fixed 1n position
relative to each other and the first opening 1s formed by
two blades that oppose each other and are fixed in
position relative to each other; and

a positioning mechanism that 1s configured to position the
first combined filter-collimator assembly 1n the X-ray
path so that:
the first collimator 1s 1n the X-ray path at a first fixed

distance along the X-ray path from the X-ray source
and the first opening defines a width of a first
imaging field; and
the first compensating filter 1s 1n the first imaging field
at a second fixed distance along the X-ray path from
the first collimator so that a photon flux of X-rays on
the X-ray imager 1s more balanced than when the
first compensating filter 1s not positioned 1n the first
imaging field at the second fixed distance from the
first collimator.

2. The imaging system of claim 1, further comprising a
second combined filter-collimator assembly that includes a
second collimator configured with a second opening and
wherein the positioning mechanism 1s further configured to:
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position the first collimator and the first compensating

filter out of the X-ray path; and

position the second collimator 1n the X-ray path at a third

fixed distance from the X-ray source along the X-ray
path so that the second opening defines a width of a
second 1maging field.

3. The imaging system of claim 2, wherein the positioning,
mechanism 1s configured to position the first collimator and
the first compensating {filter out of the X-ray path and
position the second collimator 1n the X-ray path at the third
fixed distance with a single mechanical operation.

4. The imaging system of claim 3, wherein the single
mechanical operation 1s one of a lateral sliding motion of the
first collimator, the first compensating filter, and the second
collimator; a longitudinal sliding motion of the first colli-
mator, the first compensating filter, and the second collima-
tor; and a planar rotational motion of the first collimator, the
first compensating filter, and the second collimator.

5. The imaging system of claim 3, wherein the single
mechanical operation includes a motion of the first collima-
tor, the first compensating filter, and the second collimator in
a direction perpendicular to the X-ray path.

6. The imaging system of claim 2, wherein the second
combined filter-collimator assembly further includes a sec-
ond compensating filter that 1s fixed 1n position relative to
the second collimator and the positioning mechanism 1s
turther configured to position the second compensating filter
in the second 1maging field at a fourth fixed distance from
the second collimator along the X-ray path so that a photon
flux of X-rays on the X-ray imager 1s more balanced than
when the second compensating filter 1s not positioned 1n the
second 1maging field at the fourth fixed distance from the
second collimator.

7. The imaging system of claim 2, wherein the X-ray
imager 1s disposed at the fixed imaging distance along the
X-ray path from the X-ray source when the first collimator
1s positioned 1n the X-ray path at the first fixed distance from
the X-ray source and when the second collimator 1s posi-
tioned in the X-ray path at the third fixed distance from the
X-ray source.

8. The mmaging system of claim 2, wherein the X-ray
imager 1s disposed at a fixed rotational distance along the
X-ray path from the center point of rotation when the first
collimator 1s positioned in the X-ray path at the first fixed
distance from the X-ray source and when the second colli-
mator 1s positioned in the X-ray path at the third fixed
distance from the X-ray source.

9. The imaging system of claim 1, wherein the X-ray
imager 1s configured to:

generate images 1n a {irst imaging position, in which a first

portion of the X-ray imager 1s disposed at the fixed
imaging distance along the X-ray path from the X-ray
source; and

generate 1mages 1n a second 1maging position, 1n which a

second portion of the X-ray imager 1s disposed at the
fixed 1maging distance along the X-ray path from the
X-ray source and the X-ray imager 1s displaced from
the first imaging position in a direction perpendicular to
the X-ray path.

10. The mmaging system of claim 9, wherein the first
portion of the X-ray imager comprises a center point of an
X-ray detection surface of the X-ray imager and the second
portion comprises an edge portion of the X-ray imager.

11. The imaging system of claim 1, wherein the position-
ing mechanism 1s configured to position the first compen-
sating filter 1n the first imaging field at the fixed distance
from the first collimator along the X-ray path and not at any
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other distance from the first collimator when the first com-
pensating filter 1s in the first imaging field.

12. The imaging system of claim 1, wherein the position-
ing mechanism 1s configured to position the first compen-
sating filter 1n the first imaging field at a fixed distance from
the X-ray source along the X-ray path and not at any other
distance from the X-ray source when the first compensating
filter 1s 1n the first imaging field.

13. The imaging system of claim 1, further comprising a
second collimator that 1s disposed between the X-ray source
and the X-ray imager and includes a second opening that
defines a length of the first imaging field.

14. The imaging system of claim 13, wherein the second
collimator includes movable blades that modity the second
opening.

15. The imaging system of claim 14, wherein the movable
blades are configured to change a width of the second
opening.

16. The imaging system of claim 14, wherein the movable
blades are configured to move independently from each
other.

17. The imaging system of claim 13, wherein the movable
blades are configured to change a longitudinal location of
the second opening.

18. The imaging system of claim 2, wherein the position-
ing mechanism 1s configured to simultaneously position the
first combined filter-collimator assembly out of the X-ray
path and position the second collimator of the second
combined filter-collimator assembly in the X-ray path at the
second fixed distance.

19. A method of generating an X-ray 1mage in a system
that includes an X-ray source and an X-ray imager, wherein
the X-ray source 1s configured to direct X-rays along an
X-ray path that passes through a center point of rotation of
the system to the X-ray imager and the X-ray imager 1s
configured to generate an X-ray image from the X-rays, the
method comprising:

positioning 1n the X-ray path a combined filter-collimator

assembly that includes a first collimator configured
with a first opening that 1s formed by two blades that
oppose each other and are fixed 1n position relative to
cach other and a first compensating filter, so that the
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first collimator 1s at a first fixed distance along the
X-ray path from the X-ray source and defines a width
of a first imaging field and the first compensating filter
1s at a second fixed distance along the X-ray path from
the first collimator so that a photon flux of X-rays on
the X-ray 1imager 1s more balanced than when the first

compensating filter 1s not positioned 1n the first imaging
field at the second fixed distance from the first colli-
martor,

while the 1mager 1s positioned at a fixed imaging distance

along the X-ray path from the X-ray source, the first
collimator 1s positioned 1n the X-ray path at the first
fixed distance along the X-ray path from the X-ray
source, and the first compensating filter 1s positioned in
the X-ray path at the second fixed distance along the
X-ray path from the first collimator, rotating the X-ray
source and the X-ray imager about the center point of
rotation; and

while rotating the X-ray source and the X-ray imager

about the center point of rotation, receiving the X-rays
with the X-ray imager.

20. The method of claim 19, wherein positioning the
combined filter-collimator assembly so that the first colli-
mator 1s 1n the X-ray path at the first fixed distance and the
first compensating filter 1s 1n the X-ray path at the second
fixed distance comprises positioning a second collimator out
of the X-ray path.

21. The method of claim 19, wherein positioning the first
collimator in the X-ray path, positioning the first compen-
sating filter mm the X-ray path, and positioming second
collimator out of the X-ray path 1s performed via a single
mechanical operation.

22. The method of claim 19, wherein the first collimator
and the first compensating filter are fixed 1n position relative
to each other in the combined filter-collimator assembly.

23. The method of claim 1, wherein the two blades oppose
cach other 1n a lateral direction that 1s perpendicular to the
X-ray path and are positioned to limit an extent of exposure
to the X-rays 1n the lateral direction to no more than the
width of the X-ray imager.
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